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Abstract— This paper proposes a standalone distributed 
photovoltaic system which includes two independently 
controlled solar power sources, a battery storage and a 
resistive load. Each of the PV panels consist of cascaded 
DC-DC boost converters controlled through two 
independent sliding mode controllers. The design and 
simulation of the supervisory controller are also discussed. 
First, maximum power point tracking (MPPT) control 
strategy is introduced to maximize the simultaneous 
energy harvesting from both renewable sources. Then, 
according to the power generation available at each 
renewable source and the state of charge in the battery, 
four contingencies will be considered in the supervisory 
controller. Moreover, power converters interfacing the 
source and common DC bus will be controlled as voltage 
sources under a PI-sliding mode controller. Numerical 
simulations demonstrate accurate operation of the 
supervisory controller and functionality of the MPPT 
algorithm in each operating condition. 
I. INTRODUCTION 
With the fossil fuel exhausting and environmental 
problems, renewable energy is developing rapidly. Compared 
with other renewables, photovoltaic have been established as 
one proven future source of energy. This is because of their 
environmentally-friendly, safe and cost-effective 
characteristics. However, there are some difficulties associated 
with PV combined utilization, e.g. intermittency of solar and 
instability of the grid. For this purpose, more advanced and 
reliable network of multiple renewable power systems with 
storage units have been proposed [1], [2], [3]. For instance, 
small-scale standalone combination of renewable micro-grids 
has been found effective in some specific areas. Simultaneous 
intermittency of solar can be compensated by utilizing of 
energy storage devices. 
 Recent advances in DC distribution systems have shown 
several advantages with respect to AC systems. First, DC 
system can provide higher quality power with lower 
harmonics [4], [5]. Secondly, a significant superiority of DC 
topology is the fact that the power handling can be completely 
uninterrupted by having switched-mode power converters 
featuring the current limit [6], allowing the final aggregation 
of standalone energy sources to the main DC grid [7], [8].  In 
addition, the connection of PV system to DC bus is 
implemented through two methods, such as connecting series 
PV panels to the central power converter and utilizing one 
power converter per solar module, or micro-converters. 
Obviously, the latter case is more popular due to its higher 
flexibility of system layout, lower sensitivity to system 
disturbance, better protection of PV sources, and safer 
installation and maintenance. However, installation of one 
converter per solar panel can have difficulties for achieving 
the desired constant output voltage level when the climate 
changes. For this purpose, it is necessary to have two stages of 
converters to realize the MPPT and output voltage control at 
the same time.  
In this paper, we propose the configuration of two cascaded 
boost converters which run MPPT at the first stage and do the 
terminal voltage control at the second stage. In addition, a 
battery is directly connected to the DC bus and is controlled 
through the bus voltage variation. The power converters 
interfacing the PV can inject the power as a voltage source. 
Supervisory controller determines the source type according to 
the availability and rating of the power. As the DC bus voltage 
floats, the battery can be charged or discharged. A designated 
voltage source will be controlled to charge the battery at the 
desired rate. This new distributed system improves the stability 
and reliability of power supply [9], [10], [11]. Maximum power 
point tracking is continuously operated to maximize the power 
from two solar systems. A sliding mode control approach 
[12],[13] based on loss free resistor (LFR) concept [14] is 
utilized on the solar power sources to accomplish 
MPPT[15],[16]. 
This paper is organized as follows, the proposed distributed 
energy generation system is given in section II. Section III 
describes the Extremum Seeking Control (ESC) MPPT for 
solar system by utilizing the sliding mode theory through a 
cascaded boost converters working as LFRs. Supervisory 
control strategy is discussed in section IV. Section V represents 
some associated simulation results of the proposed system. 
Finally, the conclusions of the paper are summarized in section 
VI. 
II. DISTRIBUTED ENERGY GENERATION UNIT
Figure 1 depicts the proposed topology of the combined 
power sources consisting of two PV panels, battery with 
cascaded boost DC-DC converters interfaces a load. The two 
first stage converters are controlled by MPPT controllers based 
on sliding mode control (SMC) theory. Each of them receives 
the PV voltage and current from solar and runs a 
maximum-power-point tracking (MPPT) algorithm to adjust 
the sliding surface with the conductance g1. The second-stage 
sliding mode control of boost converter will be regulated by a 
local PI controller to operate as a constant voltage sources 
(CVS) with a constant value g2. The supervisory controller 
receives signals of the state of charge from battery and output 
power from each PV systems, and determines the next 
appropriate control mode under different scenarios. The two 
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energy sources are connected in parallel to a common DC bus 
through their individual DC-DC converters [17], [18], [19]. 
Fig. 1. Proposed distributed energy generation system. 
III. MPPT FOR SOLAR SYSTEM UNDER SLIDING MODE
CONTROL 
A PV power system usually includes PV panels, power 
converters and load. The maximum power point can be 
captured by tuning the controller and regulating the converter. 
Some MPPT control methods have also been proposed for PV 
generation system to eliminate the probable mismatch between 
solar power and its ideal maximum power under different 
climate. In this way, tracking MPP is quite important for solar 
system not only to enhance the efficiency of system but also to 
reduce the cost of energy. In this work, we propose a two-stage 
method by using cascaded boost converters due to its high 
conversion ratios. However, the cascaded configuration has 
some inherent drawbacks regarding on the controller design 
and system dynamic stability, which can be seen with the 
impedance ratio criteria by R.D. Middlebrooks [20]. So this 
section will focus on the solar MPPT controller based on the 
sliding mode approach. 
A. PV Impedance Matching and Sliding Mode Controller 
MPPT searches the operating voltage close to the 
maximum power point (MPP) in various environmental 
conditions. As we know, the electrical circuit of power 
converters can be represented and analyzed by using the ideal 
canonical elements, such as LFR which belongs to a range of 
circuits named POPI (power input equals to the power output). 
Thus, the input port can absorb the power and then transfer it to 
the output without losses [21], [22]. The architecture of PV 
system connecting to boost-boost converter with a DC load is 
illustrated in Figure 2(a). The output power can be obtained by 
the following function of the LFR conductance g1=1/r1: 
   ୭ ൌ ଵ ൈ ୮ଶ.    (1)
The I–V curve of PV module and the LFR steady-state load 
line are also depicted in Figure 2(b). Note that the intersection 
of them is the working point of PV panel, so the conductance 
(slope of LFR load line) can be tuned to search the optimal 
operating point of solar system through modifying g 
conductance value [23],[24]. The following two sliding mode 
control surfaces are also set to behave as switches for each 
boost converters: 
ݏଵሺݔሻ ൌ ݃ଵݒ௣ െ ݅௅భ        (2) 
ݏଶሺݔሻ ൌ ݃ଶݒ௖భ െ ݅௅మ       (3) 
where g1 is conductance of PV panel, vp is output voltage of 
PV cell, iL1 is output current of the first stage, g2 is the 
conductance of second boost converter, vc1 is the capacitance of 
intermediate capacitor between converters, and iL2 is the output 
current of the system. 
(a) 
(b) 
Fig. 2. (a) Schematic diagram of two cascaded boost converters based on 
LFRs. (b) PV panel operating points for impedance matching between the PV 
generator and the LFR. 
B. Maximum Power Point Tracking Technique 
The purpose of MPPT in PV is to obtain the best operating 
point that controls the PV around the MPP in spite of the 
temperature, insolation and load variation. There are many 
tracking methods applied to different types of DC-DC 
converters [25]-[28]. The Extremum Seeking Control (ESC) is 
one of the popular MPPT algorithms which can control the PV 
system to approach the MPP by increasing or decreasing a 
suitable control signal, its block diagram is shown in Figure 3. 
The input of the MPPT controller sets the output voltage and 
current of the PV panel, and is passed through a low pass filter, 
the power variation, dP, is calculated as the input signal of 
hysteretic comparator (HC). HC can generate a binary signal 
which reflects whether dP is positive or negative. This key 
information will be sent to a logic circuit that can determine the 
next direction of maximum power point tracking control signal 
maintained or changed. In the last stage, the control signal of 
searching direction is introduced to an integrator to get the 
conductance g1 of first stage boost converter [23], [28]. 
Fig. 3. PV MPPT scheme based on ESC. 
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For the voltage control at the terminal of cascaded boost 
converters, a PI controller is established to generate g2 as the 
conductance value of the second LFR. So the terminal voltage 
will be fixed to satisfy load requirement under different 
weather conditions. 
C. Mathematical Modeling 
For the switched model of the cascaded boost converter, the 
system dynamic behavior can be described from the following 
four differential equations according to Figure 2(a) by using the 
Kirchhoff’s voltage and current laws as follows:  
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where u1 and u2 are control signals for the two stage boost 
converter respectively. When the first stage or the second stage 
control command equals unity, it means the switch S1 or S2 is 
closed; and a zero control command means switch S1 or S2 is 
open. All other parameters are described on Figure 6. 
The two terminal sliding mode functions s1(x) and s2(x) is 
defined in (2)-(3). If the sliding surface s(x) is always kept at 
zero such that: 
ݏଵሺݔሻ ൌ ݃ଵݒ௣ െ ݅௅భ ൌ Ͳ  (8) 
ݏଶሺݔሻ ൌ ݃ଶݒ௖భ െ ݅௅మ ൌ Ͳ.     (9) 
To continue the SMC design, we also take the time 
derivative of the two terminal sliding mode surfaces along (8) 
(9) and obtain: 
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In order to achieve the fast convergence of the sliding 
surfaces and drive the trajectories of the system are evolving on 
the switching manifolds, the control signals u1 and u2 can be 
represented from the full-order switched model and equations 
(8)-(11). Under sliding mode conditions, the control laws 
which describe the dynamic behavior of the system that is 
restricted to the two switching surfaces can be obtained as 
follows: 
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where m2 and m3 are constants, ¦ is the next direction of 
maximum power tracking and ߬ଵ is a time constant. It should 
be noted that the control variables u1 and u2 are PWM signals 
which must be bounded between minimum 0 and maximum 1 
[23], i.e.: 
      Ͳ ൑ ݑଵ ൑ ͳ and Ͳ ൑ ݑଶ ൑ ͳ         (14) 
IV. SUPERVISORY CONTROL STRATEGY
In a DC system where multiple source converters supply 
the same bus, current sharing and system protection are 
required. Therefore, the supervisory control decides on the 
flow of power from local sources according to the system 
operating contingencies (Table I). The results is either a charge 
or discharge control command which makes the entire system’s 
performance more smooth and efficient [29, 30]. The inputs of 
the supervisory controller are the output power of the two solar 
cells and the state of charge of battery. The supervision modes 
are shown in Table I. The net power that the battery needs to 
provide or absorb, ǻP, is obtained as follows:  
        οܲ ൌ ௉ܲ௏ଵ ൅ ௉ܲ௏ଶ െ ௅ܲ௢௔ௗ  ,      (15) 
where ௉ܲ௏భis the output power of the first PV system, ௉ܲ௏మ is 
the output power of the second PV system, and ௅ܲ௢௔ௗ is the 
power demand from the DC machine. 
The supervision mode is shown in Table I can be 
categorized like follows:  
If οܲ is not less than zero and SOC is between 0 and 95%, 
then the net power will be utilized to feeding load and charging 
battery at the same time. When οܲ is not less than zero and 
SOC is higher than 95%, then the load will be satisfied and the 
battery is in the floating charge state, note that the surplus 
power should be through a dummy load. When οܲ is less than 
zero and SOC is higher than 40%, then the available energy 
and the battery both satisfy the load power demand. In the 
worst case scenario, οܲ is less than zero and SOC is also 
lower than 40%, the load can be disconnected and the whole 
generated power is applied to charge the battery. 
TABLE I. 
THE SUPERVISION MODE OF DISTRIBUTED ENERGY GENERATION SYSTEM 
Mode Condition Control Effect
1 Pı0, 0İSOCİ95% Feeding Load and charge Battery 
2 Pı0, SOC>95% 
Feeding Load and battery 
(Surplus power through a dummy 
load) 
3 Pİ0, SOC<40% Charge battery and off load 
4 Pİ0, SOC>40% Feeding load and battery discharge to the load 
V. NUMERICAL SIMULATIONS 
In order to verify the previous applied theories, the whole 
system is simulated in Matlab/Simulink. The validity of the 
proposed system has been checked in the following figures, the 
sample time of the simulations has been set to 1e-6. The 
waveforms for the cascaded converters behaving as LFRs 
supplied from PV source under MPPT by applying sliding 
mode control depicted in Figure 4. Figure 4(a) shows the MPP 
tracking profile with an irradiance change from 1000W/m2 to 
800W/m2 and Figure 4(b) illustrates the waveforms of PV 
power, voltage and current and first stage voltage during an 
irradiance change from 800W/m2 to 600W/m2. 
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(a) 
(b) 
Fig. 4. Waveforms for the cascaded converters behaving as LFRs supplied from 
PV source under MPPT by applying sliding mode control at fixed temperature 
25Ԩ (a) MPP tracking profile (b) PV power, voltage, current and first stage 
voltage. 
Then Figures 5 and 6 represent the system responses under a 
step change of the load DC voltage from 240V to 380V and 
380V to 240V to show the feasibility of the control system. It 
can be observed that increasing or decreasing the output 
voltage will not affect to capture the maximum power of the 
solar panel in the proposed system. 
Fig. 5. Waveforms of the PV power, PV voltage and current during the load 
voltage changes from 240V to 380V. 
Fig. 6. Waveforms of the PV power, PV voltage and current during the load 
voltage changes from 380V to 240V. 
Mode 1 to mode 4 of the supervisory control effect (also 
listed in Table I) are demonstrated in Figures 7-9 respectively. 
Figure 7 mainly depicts the cases of mode 1 and mode 4, where 
a 900Ah battery feeds the load nearly for about 90 hours 
without charging at starting SOC of the 50% and the output 
voltage of the system should also be regulated around 260V. 
Figure 7(a) illustrates the MPP tracking effects of the two solar 
panels and the response of the battery power with a DC load 
power change from 2.5kW to 3.5kW to 2.5kW during the 
irradiance change from 800W/m2 to 1000W/m2 of PV1 and 
700W/m2 to 900W/m2 of PV2. Figure 7(b) shows the MPP 
tracking effects of the two solar panels and the response of the 
battery power with the same DC load power change during the 
irradiance change from 1000W/m2 to 600W/m2 of PV1 and 
900W/m2 to 700W/m2 of PV2. Figure 7(c) depicts the same 
effects with the same load power change during the irradiance 
change from 1000W/m2 to 600W/m2 of PV1 and 700W/m2 to 
900W/m2 of PV2. The operation of controller is verified in 
Figures 7a-c under conditions that both PV powers follow the 
same direction or oppose the direction. The DC micro-grid is 
capable of charging and discharging the battery at the required 
power rate automatically while capturing the maximum power 
from two solar panels under variation of irradiance.  
(a) 
(b) 
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Fig. 7. PV MPPT Profile and response of battery power during step change in 
the load power from 2.5kW to 3.5kW to 2.5kW. (a) Irradiance varying from 
800W/m2 to 1000W/m2 of PV1 and 700W/m2 to 900W/m2 of PV2. (b) 
1000W/m2 to 600W/m2 of PV1 and 900W/m2 to 700W/m2 of PV2. (c) 
1000W/m2 to 600W/m2 of PV1 and 700W/m2 to 900W/m2 of PV2. 
Figure 8 shows the mode 2 of the distributed system. In this 
case ǻP is equal to or larger than zero and SOC >95%, it is 
necessary to set the terminal voltage around 270V that charges 
the battery and maintain the capacity. This can also compensate 
for the self-discharge of the battery. A dummy load is also 
invoked to consume the surplus energy. Both power controls 
can be accomplished by limiting the injection of current to the 
battery and the dummy load based on the DC load requirement. 
Fig. 8. Mode 2 of the supervisory control strategy 
Figure 9 illustrates mode 3 which is ǻP is not larger than 
zero and SOC lower than 40%. Therefore, the load should be 
off and the total power captured from two PV sources is used 
to charge the battery without satisfying 2.5kW DC load power. 
Fig. 9. Mode 3 of the supervisory control strategy 
VI. CONCLUSION
This work was focused on the modeling of distributed 
solar micro-grid and MPPT method based on sliding mode 
control theory. Models of two PV panels, their individual 
MPPT controllers and voltage controllers were built in 
Matlab/Simulink. The cascade DC-DC boost converters were 
utilized with high voltage conversion ratios. The cascade 
connection can be effectively controlled by a sliding mode 
structure applying a loss free resistor, therefore a relationship 
between the PV voltage and inductor current in boost 
converter can be established. The full-order switched model of 
the cascaded circuit has also been established and analyzed by 
using the Kirchhoff’s voltage and current laws. The two 
sliding mode surfaces and control variables are obtained 
through a mathematical modeling of circuit and imposing the 
concept of LFRs. A supervisory control strategy which is 
resulted in 4 contingencies was proposed to generate the 
maximum power from two renewable energy sources while 
connected to a common DC bus. Simulation results 
demonstrated an accurate operation and applicability of the 
proposed method.  
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